We recorded electrical responses from sensory cells associated with gustatory sensilla on the labella of female Anopheles quadrimaculatus Say to salt, sucrose, quinine (a feeding deterrent), and the insect repellent, N,Ndiethyl-3-methylbenzamide (DEET). A salt-sensitive cell responded to increasing concentrations of sodium chloride. A second cell was activated by increasing sucrose concentrations, while quinine, DEET, or a mixture of quinine þ DEET elicited spike activity from a third cell, an apparent bitter-or deterrent-sensitive cell. Both quinine and DEET suppressed activity of the sugar-sensitive cell; sucrose suppressed activity of the bitter-or deterrent-sensitive cell. These results demonstrate separate gustatory pathways for a feeding stimulant and aversive contact cues mediated through distinct sensory inputs on the labellum. This sensory appendage may serve as a useful target to disrupt feeding behavior in this and other anopheline species, which transmit diseases like malaria to human populations.
The common malaria mosquito Anopheles quadrimaculatus Say (Diptera: Culicidae) is an important disease vector in North America (Robert et al. 2005) , most notable for vectoring malaria in this region before Plasmodium eradication in the 1950s (Horsfall 1955) . Insect repellents are often used to decrease contact between pestiferous mosquitoes and their human hosts, thus providing protection from diseases vectored by them (Debboun et al. 2014) . Repellents exert their effects through interactions with olfactory receptor neurons on the antennae and maxillary palps or gustatory receptor neurons (GRNs) on the labella and elsewhere on the body of the mosquito (Dickens and Bohbot 2013) . A closely related species to the African malaria mosquito Anopheles gambiae Say, An. quadrimaculatus serves as a useful model to study gustatory responses to behavior-altering chemicals like repellents and feeding stimulants.
Gustatory receptor systems of insects including mosquitoes are composed of sensilla covering portions of mouthparts, legs, and other appendages; these sensilla typically house three to five GRNs with differing sensitivities (Falk et al. 1976 , Stocker 1994 . Work on the vinegar fly Drosophila melanogaster showed these sensilla to have separate GRNs for sensing sugars, aversive substances, salt, and water (Hiroi et al. 2002 , Meunier et al. 2003 . Insects use these nonvolatile cues to initiate important behaviors such as feeding on floral nectar or vertebrate hosts (Clements 1992) . Using their mouthparts, An. quadrimaculatus probe on human arms even when antennae and maxillary palps have been surgically ablated, something not observed for the yellowfever mosquito Aedes aegypti (Roth 1951) . Dose-dependent responses to sugar and salt by GRNs housed within gustatory sensilla on the labella of anopheline mosquitoes have been recorded (Angioy et al. 1982 , Kessler et al. 2013 , and these responses are altered when bitter substances are present (Kessler et al. 2013 (Kessler et al. , 2015 . It was hypothesized that bitter substances deter feeding by inhibiting spike activity to phagostimulants like sugar and water (Kessler et al. 2013) . In Ae. aegypti, GRNs sensitive to appetitive substances like sugar and water are present; however, a separate GRN responds selectively to bitter substances and several insect repellents (Sanford et al. 2013) . Gustatory responses of Ae. aegypti are consistent with reports from D. melanogaster, which also possesses a distinct subset of GRNs for bitter sensation (Stocker 1994, Isono and Morita 2010) . A subset of D. melanogaster bitter-sensitive GRNs is also sensitive to the insect repellent N,N-diethyl-3-methylbenzamide (DEET), and these neurons mediate an aversive feeding response to DEET (Lee et al. 2010 ).
Here we recorded responses from GRNs housed in labellar sensilla of female An. quadrimaculatus. Neuronal responses to salt and sugar were evident in all labellar sensilla, with most sensilla also housing GRNs responding to quinine. Sucrose and quinine, when presented as a mixture, had reciprocal antagonistic effects on the activity of the sugar-and bitter-sensitive GRN subtypes.
Scanning Electron Microscopy
Low-temperature scanning electron microscopy (LT-SEM) was used to visualize sensilla on the labella of 5-7-d-old An. quadrimaculatus females. A detailed description of the methods is given elsewhere (Bolton et al. 2014) . In brief, whole heads or excised probosces of females were mounted on copper plates using carbon adhesive tabs prior to being frozen in liquid nitrogen. The frozen samples were placed in a Quorum PP2000 cryo-prep chamber 9 (Quorum Technologies, East Sussex, United Kingdom), freeze-etched to remove surface contamination, and sputter coated with platinum prior to transfer to a Hitachi S-4700 field emission SEM (Hitachi High Technologies America, Inc., Dallas, TX) for observation. An accelerating voltage of 5 kV was used to view the specimens; images were captured using an active-scan digital imaging system (4 pi Analysis, Durham, NC).
Experimental Stimuli
Solutions of experimental chemicals were prepared in 1 mM NaCl and 10% ethanol unless stated otherwise. This salt concentration elicited minimal responses from salt-sensitive GRNs but allowed for adequate conduction of electrical activity (see Fig. 2 ). As previously reported (Hollister et al. 2001) , an organic solvent, in this case ethanol, was included to facilitate solubilization of hydrophobic repellents. While ethanol suppressed spike activity of the water-sensitive GRN of the 3D sensillum subtype, it had no apparent effect on spike activity of the salt (10 mM NaCl, n ¼ 3: 20.3 6 1.5 spikes/500 ms; 10 mM NaCl þ 10% ethanol, n ¼ 3: 21.7 6 1.7 spikes/500 ms)-, sugar (5 mM sucrose, n ¼ 3: 37.0 6 6.9 spikes/500 ms; 5 mM sucrose þ 10% ethanol, n ¼ 3: 31.6 6 8.3 spikes/500 ms)-, or quinine (0.05 mM quinine, n ¼ 3: 32.7 6 3.8 spikes/500 ms; 0.05 mM quinine þ 10% ethanol, n ¼ 3: 33.0 6 0.9 spikes/500 ms)-sensitive GRNs (see Supp. Fig. 3 [online only] for sucrose). Experimental chemicals tested, their behavioral role, purity, and source were: sucrose, feeding stimulant (Foster 1995) , 99%, Sigma, St. Louis, MO; quinine [(R)-(6-methoxyquinolin-4-yl)((2S,4S,8R)-8-vinylquinuclidin-2-yl)methanol], feeding deterrent (Kessler et al. 2013 ), 98%, Sigma; and DEET, repellent (Schreck and Kline 1989) , 99.2% and Aldrich, Milwaukee, WI.
Electrophysiology
Electrophysiological responses were recorded from long and medium length, uniporous gustatory sensilla on the labella of female An. quadrimaculatus using the tip-recording method (Hodgson et al. 1955) . The distribution of the terminal pore sensilla on the labella is shown in Fig. 1 . Female mosquitoes were immobilized on a glass slide using narrow strips of cellophane tape. A sharpened tungsten wire piercing the thorax served as the indifferent (ground) electrode. A silver wire inserted into a glass capillary pulled to a tip diameter (15 lm) to fit over the end of a single sensillum served as both the recording and stimulating electrode. Both electrodes were connected to a preamplifier that was designed for recording from contact chemoreceptive sensilla in insects (Taste Probe, Syntech, Kirchzarten, Germany). Electrical signals were acquired using an IDAC-4 (Syntech, Kirchzarten, Germany); the high cutoff was set at 3 kHz, the low cutoff was set at 100 Hz. The signals were then collected, stored, and analyzed using a microcomputer equipped with AutoSpike software (Syntech). All sensilla were stimulated with a control solution (1 mM NaCl and 10% ethanol) before and after each experimental stimulus to ensure functionality. Sensilla not showing spike activity (at least 1 spike/s) before and after each experimental stimulus were not used for data collection.
Serial dilutions of experimental stimuli were presented from the lowest concentration to the highest concentration in order to prevent potential desensitization of the neuron. A minimum of 3 min between 5-s stimulations was allowed for recovery. Counting of spikes started 50 ms following the stimulus artifact for all preparations. Spikes were classified based on height, shape, and temporal patterns of activity. By delivering multiple chemical stimuli simultaneously, spike classes responding to individual stimuli could be determined. Threshold was defined as that concentration for which its standard error did not overlap with the standard error for the solvent NaCl and ethanol. Statistical analyses were performed using Microsoft Excel for Mac 2015/XLSTAT-Pro (Version 17.1, 2015, Addinsoft, Inc., Brooklyn, NY). ANOVA for repeated measures was used to measure variance within and between dosage groupings for dose response experiments. Post hoc Tukey tests were used to assess the significance of individual dosage groupings.
All recordings after an initial survey (five insects total) of electrophysiological activity of sensilla were conducted on paired, dorsal row number 3 (3D subtype) sensilla (Fig. 1) . These sensilla housed receptor neurons that responded reliably to salt (sodium chloride), sucrose, and quinine while displaying relatively low activity when stimulated with solvent solution (1 mM NaCl and 10% ethanol).
Results

Gustatory Sensilla on the Labella
There are 28 gustatory sensilla on the surfaces of the labella (Fig. 1 ) composed of five pairs on the dorsal surfaces, two pairs positioned laterally, six pairs on the ventral surfaces, and at least two partially enveloped sensilla at the distal tip ( Fig. 1) . Eighteen sensilla 30-40 lm in length with a single terminal pore are located laterally on the dorsal and ventral surface of the labella, while six shorter sensilla (paired MD, 2MV, and 1MV) 20-30 lm in length are positioned medially along the ventral and dorsal surfaces. The distal tip sensilla (DT) are almost completely sheathed in a cuticular sheet with exposed terminal pores.
We surveyed all gustatory sensilla by separately stimulating each hair with 5 mM sucrose and 0.005 mM quinine (Supp. Figs. 1 and 2 [online only], n ¼ 5 for each sensillar position). All but four distally positioned sensilla (paired 4D and 4 V) gave similar responses to sucrose and quinine stimuli (Supp. Figs. 1 and 2 [online only]; minimum of four out of five positive responses). While responding similarly to sucrose, the 4D and 4V sensilla showed no responses to quinine. We determined the paired 3D sensilla to be most convenient for all subsequent recordings, as GRNs within these sensilla responded reliably to sucrose and quinine while seldom responding to 10 mM NaCl or pure water (survey of salt and water responses not shown). This sensillum type was also readily accessible due to its dorsal position and length. As with most of the long sensilla, MD, 2MV and 1MV were sensitive to sucrose and quinine despite their shorter length (Supp. Figs. 1 and 2 [online only] ). The partially enveloped DT sensilla were also sensitive to sucrose and quinine (Supp. Figs. 1 and 2 [online only] ).
While several different spike amplitudes (each size class potentially representing distinct GRNs) were apparent in some traces (e.g., Figs. 2 and 3B), predominantly three spikes corresponding to GRNs with differing sensitivities responded in a dose-dependent manner to experimental stimuli. Spike "a" represented a salt-sensitive GRN, spike "b" a sugar-sensitive GRN, and spike "c" a bitter-sensitive GRN. Spike "d" was evident in response to pure water (mean spikes/500ms: 15.7, SD: 2.7), but was not detected in responses to a 10% ethanol solution (Supp. Fig. 3 [online only] ). A few spikes labeled "*" may represent doublets resulting from overlapping "a" spikes and uncharacterized spikes of lesser amplitude (Fig. 2) .
Responses of Salt-Sensitive Neurons
Serial dilutions of sodium chloride (NaCl) were tested in order to establish a concentration that elicited a minimal number of spikes while allowing for sufficient conductance of electrical activity. Numbers of spikes by the salt-sensitive GRN ("a" spike) increased in from 0.1 to 100 mM (ANOVA for repeated measurements; NaCl: F (3, 18) ¼ 115.9, P < 0.0001; Fig. 2 , n ¼ 6). Spike activity was significantly higher at concentrations exceeding 1 mM NaCl (Tukey tests: P < 0.0001 for all four comparisons).
Responses of Sucrose-Sensitive Neurons
Increasing concentrations of sucrose elicited increasing numbers of large-amplitude spikes with a threshold of 0.5 mM (Fig. 3A , n ¼ 6). Spike activity was < 3 spikes per 500 ms for concentrations below 0.05 mM sucrose. Response frequency of a sugarsensitive GRN ("b" spike) increased significantly (ANOVA for Fig. 2 . Representative electrophysiological recordings from the 3D sensillum of female An. quadrimaculatus in response to increasing concentrations of sodium chloride (NaCl). At 0.1 mM and 1 mM NaCl, a single small amplitude "a" spike (salt-sensitive GRN) is present. At higher concentrations of NaCl, a few other spikes occurred in many recordings. Spikes labeled "*" represent doublets of "a" spikes and other small amplitude spikes. Each trace represents 500 ms beginning 50 ms after the stimulus artifact. Dose-response curve for the "a" spike to serial dilutions of NaCl (salt-sensitive GRN) is shown in the graph. Gray letters indicate significant differences between concentrations as calculated by post hoc Tukey tests. Gray P-value indicates significance of variance as determined by ANOVA for repeated measures. repeated measurements; sucrose: F (4, 20) ¼ 36.2, P < 0.0001) from 0.05 to 500 mM sucrose. The frequency of this response ("b" spike) was highest at 50 mM. Spike activity was significantly higher at concentrations at and above 5 mM sucrose (Tukey tests: P < 0.0001 for all six comparisons). Spontaneous or otherwise electrolyte-induced activity was usually absent in the presence of sucrose stimulus. Spikes of three distinct amplitudes were reliably elicited by a solution containing sucrose, quinine, and NaCl (Fig. 3B, n ¼ 6) . Quinine and the Insect Repellent DEET Stimulate a Bitter-Sensitive Cell The occurrence of "c" spikes, corresponding to a bitter-sensitive GRN, increased significantly in response to increasing concentrations of quinine (ANOVA for repeated measurements; quinine: F (3, 15) ¼ 16.7, P < 0.0001; Fig. 4, n ¼ 6) . The medium amplitude "c" spike was maximal in amplitude and frequency at a concentration of 0.05 mM (Fig. 4, n ¼ 6) . Concentrations of quinine at and above 0.005 mM elicited significantly more spikes than lower doses (Tukey tests: P < 0.0001 for all three comparisons). As with sucrose stimulation, spontaneous spikes or those resulting from background electrolyte could not be distinguished except for at very low concentrations of quinine.
The insect repellent DEET elicited similar dose-dependent responses as quinine (Fig. 4, n ¼ 6) . The occurrence of "c" spikes, corresponding to a bitter-sensitive GRN, increased significantly in response to increasing concentrations of DEET (ANOVA for repeated measurements; DEET: F (3, 15) ¼ 10.8, P ¼ 0.000). DEET evoked maximal activity at 0.08% (4.2 mM; Fig. 4 ). 0.08% DEET elicited significantly more spikes than 0.0008 or 0.8% DEET (Tukey tests: P < 0.008 for both comparisons). A single spike was evident when stimulating with a quinine þ DEET mixture, suggesting that these stimuli activated the same GRN (Fig. 4C , mean-¼ 25.7 6 3.7 spikes/500 ms, n ¼ 5).
Sucrose and Quinine Are Antagonistic Gustatory Stimuli
When delivered to gustatory sensilla in combination, sucrose and quinine inhibited responses of each substance's cognate GRN subtype. We conducted two experiments, one stimulating with quinine in increasing concentrations relative to a steady 5 mM concentration of sucrose, and the other stimulating with increasing concentrations of sucrose relative to a steady 0.05 mM concentration of quinine (Fig. 5) . The presence of quinine decreased spike frequency of the sugar-sensitive GRN ("b") in a dose-dependent manner (Fig. 5B , n ¼ 6). Sugar-evoked "b" spike frequency returned to near original levels when delivering a final quinine-free stimulus (mean ¼ 44.6 spikes/500 ms; Fig. 5A ). Spikes from the bitter-sensitive neuron ("c") appeared in response to mixtures containing as little as 0.0005 mM quinine in a background of 5 mM sucrose (Fig. 5A ), but only significantly decreased the frequency of sugar-sensitive "b" spikes at higher concentrations (Tukey tests: P < 0.0001 for all three comparisons). In a similar manner, the presence of sucrose decreased frequency of the bitter-sensitive GRN ("c") in a dose-dependent manner (Fig. 5B, n ¼ 6) . Quinine-evoked "c" spike frequency increased when delivering a final sucrose-free stimulus (mean ¼ 18.0 spikes per 500 ms; Fig. 5A ). Spikes from the sugar-sensitive neuron first appeared in response to mixtures containing at least 5 mM sucrose in a background of 0.05 mM quinine (Fig. 5A) , while significantly decreasing the frequency of bitter-sensitive "c" spikes at concentrations at or exceeding 0.05 mM sucrose (Tukey tests: P < 0.003 for all four comparisons).
Discussion
We have shown that GRNs housed within terminal pore sensilla on the labella of female An. quadrimaculatus are sensitive to salt, sucrose, and quinine or DEET. This is consistent with responses of GRNs in other dipterans like the vinegar fly D. melanogaster, which possesses labellar gustatory sensilla housing four GRNs (Falk et al. 1976 , Stocker 1994 ) sensitive to salt, sugars, bitter substances, or water (Hiroi et al. 2002 , Meunier et al. 2003 . Anopheline mosquitoes also possess labellar gustatory sensilla housing four GRNs (Angioy et al. 1982 , Kessler et al. 2013 .
The sensitivity to sucrose and water we observed is not surprising, as female An. quadrimaculatus often feed on sugary substances from plant exudates primarily composed of sucrose and water (Clements 1992) . Gustatory sensilla on the labella of a closely related species the African malaria mosquito An. gambiae, and the yellow-fever mosquito Ae. aegypti, also house GRNs sensitive to sugar (Kessler et al. 2013 (Kessler et al. , 2015 Sanford et al. 2013) .
We observed dose-dependent responses of a bitter-sensitive GRN to both quinine and DEET. While the threshold for bitter-sensitive GRN responses to DEET were similar for female An. quadrimaculatus and female Ae. aegypti (Sanford et al. 2013) , the threshold responses to quinine may be 100 times lower for female An. quadrimaculatus as compared to female Ae. aegypti (Sanford et al. 2013) . This difference may reflect species-specific molecular phenotypes of the bitter-sensitive GRN subtype. The significance of decreasing numbers of spikes at the highest tested concentration of DEET may be due to secondary cellular toxicity, some other cellular effect of DEET on GRNs, or stimulus solubility issues when DEET is delivered at 0.8%.
Responses to sucrose were diminished with the addition of quinine, and conversely, responses to quinine were diminished with the addition of sucrose. Thus, feeding stimulants like sugar and feeding deterrents like quinine act antagonistically in the context of the gustatory sensillum. The exact mechanisms by which aversive substances alter the physiology of GRNs sensitive to feeding stimulants, and vice versa, remains unknown.
In an earlier study, responses of bitter-sensitive GRNs were not observed upon stimulation with bitter substances in An. gambiae; however, most bitter substances inhibited sugar-and water-evoked responses in mixtures of the opposing stimuli (Kessler et al. 2013 ). These observations differ from results obtained from D. melanogaster (Meunier et al. 2003 , Hiroi et al. 2004 , Lee et al. 2010 and Ae. aegypti (Sanford et al. 2013 ) as repellents and bitter substances like quinine stimulated a bitter-sensitive GRN housed in labellar sensilla on these species. The combination of bitter-sensitive GRN activation and sugar-sensitive GRN suppression resulted in the full behavioral avoidance of sugary solutions containing bitter substances in D. melanogaster (French et al. 2015) . We propose that feeding deterrence elicited by bitter quinine and the insect repellent, DEET, is likely mediated in An. quadrimaculatus by both direct activation of bittersensitive GRNs and inhibition of sugar-sensitive GRNs.
These results provide a greater understanding of the physiology of gustatory reception in anopheline mosquitoes. Future work should help bridge the gap between GRN sensitivities and the molecular components of the cell subtypes involved. By deconstructing these pathways, we may identify new targets for testing candidate behavior-altering chemicals for use in preventing disease-spreading mosquito bites.
